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VOLATILE CORROSION INHIBITORS TECHNOLOGY FOR
PROTECTION OF MACHINED METAL AUTOMOTIVE PARTS
DURING STORAGE AND DISTRIBUTION
By
Alexander S. Sobkin
ABSTRACT
The significant dollar losses that can occur when
metallic products are damaged or lost, due to rust and
corrosion, force many manufacturers to concentrate efforts
on corrosion control and prevention during packaging,
shipping and storage. Many people often simply accept
corrosion as an inevitable problem. Actually, something can
and should be done to prolong the life of many metals
exposed to corrosive environments. Many of the standard
methods to control corrosion, paint, grease and wax, for
example, are messy, time consuming and expensive. These
methods also pose a potential threat to the environment
unless properly treated and disposed. An alternative way to
protect metals against corrosion - without dipping,
cleaning, expensive waste treatment and without damaging
the environment is represented by volatile corrosion
inhibitors. Volatile (or vapor) corrosion inhibitors (VCI)
condition an enclosed atmosphere with a protective vapor
that condenses on all metal surfaces including recessed
areas and cavities not reached with conventional methods.
The VCI ions form a thin, monomolecular protective film at
the metal surface, forming a barrier that self -replenishes
through further condensation on the vapor2. The purpose of
this study was to compare and evaluate the corrosion
protection capabilities of packaging materials treated with
volatile corrosion inhibitors. The hypothesis of this
particular study was that combinations of VCI treated
packaging materials (LDPE and LLDPE films, foam and
emitters) can offer a moderate to high degree of protection
for multi-metal machined parts exposed to a highly
corrosive environment. The study determined that VCI
materials, when properly applied, can provide high levels
of protection for machined
metal parts.
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1. INTRODUCTION TO OXIDATION OF MACHINED METAL PARTS.
1.1. PROBLEMS WITH CORROSION.
The corrosion of metals during storage and shipment
has long been a problem in numerous industries. The
significant dollar losses that can occur when metal
products are damaged due to corrosion force many
manufacturers to concentrate efforts on corrosion control
and prevention during packaging, shipping and storage.
Actually, of the 105 elements known, about 80 are metals.
About half of these 80 metals have been alloyed to make
more than 40,000 different alloys. Each of them may corrode
in a given situation to a different degree and in different
manner. Therefore, all metals must be protected against
water and moisture for ocean, ground and even for air
transportation. Problems also can begin because products
are not thoroughly cleaned for fingerprints , cutting or
cooling oils, dirt, and foreign matter, or because of
unnoticed rust, mildew, or local moisture in packages.
In transit and in storage, the moisture and mildew,
condensation, or sweat may find the weak point in the
packaging and cause irreversible damage to the product. If
the product surface is critical or if the item is very
expensive or choice, the damage may be total3. Very
important considerations here are correct material
selection and an adequate packaging scheme.
Losses usually come from products that must be sold as
a lower grade, or must be repickled, reprocessed or
scrapped due to corrosive attack, or from rust claims and
freight costs for returned goods. Corrosion not only
affects a metallic product's ability to function properly,
but also has an impact upon its appearance, which can
ultimately affect the sale. For instance, tarnish and rust,
which are visible examples of corrosive conditions seen on
metallic products, can affect the consumer's perception of
product value. Tarnished, rusted and/or corroded goods can
not only negatively affect the bottom-line of a company but
the reputation as well, should the products be rejected by
consumers in the marketplace .
A typical distribution cycle will generally introduce
products to different temperatures and atmospheric
environments. For instance, here in the United States 66%,
of the country has temperature fluctuations of around 30F
and these fluctuations occur approximately 243 days out the
year4
. Dramatic temperature fluctuations cause condensation
on the surface of products . This condensation can allow
corrosion to take a foothold on products susceptible to
corrosion contamination. The amount and degree of corrosion
depends on the metal surface and the amount of time the
condensation is present. Products requiring global shipping
and long-term storage face even more dramatic atmospheric
conditions and changes . Severe changes in weather patterns
can also make once effective methods of corrosion
protection obsolete.
Atmospheric contaminants in the form of pollutants (e.
g., sulfur compounds, carbon dioxide, nitrogen oxides,
etc.) initiate and accelerate corrosion damage to metal
surfaces . These contaminants are predominantly found in
large industrial areas. Sulfur dioxide from burning coal or
other fossil fuels is picked up by moisture on dust
particles as sulfurous acid. This is oxidized by some
catalytic process on the dust particles to sulfuric acid,
which settles in microscopic droplets on exposed surfaces .
Some sulfur dioxide and sulfurous acid are also present.
The result is that contaminants in an industrial
atmosphere, plus dew or fog, produce highly corrosive, wet,
acid film on exposed surfaces .
In addition to the normal industrial atmospheres,
other corrosive pollutants may be present. These are
usually various forms of chloride, which may be much more
corrosive than the acid sulfates . The reactivity of acid
chlorides with most metals is more pronounced than of other
pollutants such as phosphates and nitrites5.
The degree of corrosion damage depends on the
contaminant and on the amount of time that the metal is
exposed to this type of environment. Many products
worldwide will originate in or encounter these environments
during shipping and /or storage.
A common traditional method of surface protection for
metals is to select a metal or material that will work well
in a specific corrosive environment and coat the metal with
paint, grease, or wax. Another protective method is to
galvanize, plate, or porcelainize , or couple zinc, a less
corrosive resistant metal, with a more corrosive resistant
metal such as steel to provide anodic protection, a system
in which zinc is sacrificed for the steel .
Each of these methods, however, has its own
limitations. Many of the standard methods to control
corrosion, such as coatings (oils, greases, polymeric
coatings) , are messy, time-consuming and expensive. One of
the main disadvantages is that metal parts must be
degreased and cleaned before applying the coating. These
standard methods also pose a potential threat to the
environment unless properly treated and disposed. It is
recognized today also that most of the industrial oils and
greases are toxic and pollutant.
Generally, metal products require a packaging system
that will protect the product against corrosive
environments . This is especially true for the automotive
industry, where fabricated metal products such as completed
engines , engine parts , and other spare parts are shipped
long distances or stored for considerable amounts of time.
As products and manufacturing processes have become more
complex, tolerances of machined metal parts have become
tighter, and the penalties of failures from corrosion,
including safety hazards and interruptions in plant
operations, have become more costly. As a result, the
attention that is being given to control and prevention of
corrosion has increased.
Designing an effective corrosion resistant packaging
system must consider:
1. Product's size and shape.
Normally, hermetically sealed packages are suitable for
small products . Larger products , such as automotive
engines and engine parts , may not be able to be
hermetically packaged and requires another packaging
solution.
2. Use of stronger, lighter materials would enable
downsizing of packages, reducing total usage and,
therefore, cost. Use of higher-performance packaging
materials will result in fewer rejects, damage or loss of
products . Downsizing and down gauging of materials can
have a considerable effect on the volume of materials
used. However, changes of this nature need to be
evaluated carefully through all phases of the product
distribution cycle.
Packaging materials must have good processability , be
easy to use, have good physical properties (such as
puncture and abrasion resistance) , chemical resistance.
It is also important to use practice of single source
reduction of packaging materials . This will give
consistency in product protection with each batch of
product produced.
3. Product's susceptibility to corrosive elements, such as
oxidation, moisture and atmospheric pollutants.
4 . Compatibility of the Packaging Materials with Corrosion
Protection System.
a) Chemical compatibility with packaged product
b) Need for airtight package (hermetically sealed vs.
airtight package)
c) Hygroscopic properties of the packaging materials .
5 . Recyclability of materials .
Materials that can be easily recycled, can be incinerated
cleanly for energy recovery, or produce nontoxic
landfill .
1.2. CAUSES OF CORROSION.
In order to understand why metals corrode, it is necessary
to understand how metals are formed.
To create a metallic substance, the metal is extracted from
a natural ore by addition of energy in the form of heat.
This addition of energy forces the natural ore to transform
into a metallic substance. Therefore, metal is simply a
natural ore and stored up energy.
NATURAL ORE + ENERGY = METALLIC SUBSTANCE
From the moment a metal is formed, it begins to release its
energy . The amount of time it takes for a metallic
substance to corrode back to its original ore depends on
two primary factors: the amount of energy stored in the
metal , and environmental factors such as acids and
moisture .
A general definition of corrosion is as follows :
Corrosion is the deterioration
ofa substance (usuallyametal)
or itsproperties because of
a reaction with its
environment7
.
This definition recognizes that materials other than metals
may corrode. The deterioration of wood, ceramics, plastics,
etc., must also be studied by the packaging engineer and
included in the term corrosion.
Generally :
"Corrosion ofmetals is an electrochemical reaction brought
aboutbywater andsome contaminating substance thatacts
as an electrolyte on the baremetalsurfaces on which the
moisture has been deposited'6.
Three basic kinds of corrosion can be identified:
1 . Chemical
2 . Electrochemical
3 . Physical
These differ according to the degree of involvement of
ions, electrons, and atoms. For example, a common
representation of the corrosion reaction may be expressed
with respect to iron, water, and oxygen in this chemical
reaction :
Fe + H2O + V2O2 = Fe(OH)2
Iron + Water + Oxygen = Ferrous Hydroxide
This indicates that the initial reaction of iron with
oxygen in pure water is to form ferrous hydroxide. If any
one of these elements were absent entirely, corrosion
would not occur. When other than pure water is contacted,
different corrosion products are likely to form.
The following are the most important factors that
influence corrosion:
1. Temperature Effects
Increasing the temperature of a corrosive system will
normally have the effect of increasing corrosion rates.
Since corrosion is an electrochemical reaction and reaction
rates do increase with increasing temperatures . As the
temperature increases the rate of corrosive attack is
increased as the result of an increase in the rate of
electrochemical and chemical reactions as well as the
diffusion rate. Consequently, under constant humidity
conditions, a temperature increase will promote corrosion.
At the same time, an increase in temperature can cause a
decrease in the corrosion rate by causing a more rapid
evaporation of the surface moisture film created by rain or
dew. This reduces the time of wetness, which in turn
reduces the corrosion rate. In addition, as the temperature
increases, the solubility of oxygen and other corrosive
gases in the electrolyte film is decreased.
In general, temperature is a factor influencing corrosion
rates, but it is of importance only under extreme
conditions .
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2 . Potential Difference
When there is a difference in potential between metals
exposed in the same environment, as between zinc and steel
in salt water, for example, the metal higher in the series
(zinc, in this case) will corrode and protect the one lower
(steel) in the series. This is the driving force of the
electrical current and therefore of the corrosion process.
The electrochemical potential of metal is defined as "the
q
tendency of the metal to dissolve, or to give electrons."
Actually, the potential is not of the metal, but of the
hydrogen on the metal . The potential difference of the
galvanic cell or the bi-metal is therefore, the difference
of the hydrogen potential on the two metals . The potential
of hydrogen depends on the solid to which it is adsorbed
and the solution in which the solid is immersed. Also, the
pressure above the solution has an effect on the
potential.9
Potential difference does not require two different metals .
Non-uniform mechanical and chemical composition leads to
nonuniform absorption of hydrogen atoms to the metal and
thus to potential differences .
It needs to be concluded that hydrogen in its atomic,
ionic, and molecular form participates in any corrosion
process. There is no corrosion without hydrogen.
I 1
3 . Heat Treatment
The corrosion behavior of many an alloy can be strongly
influenced by its thermal or metallurgical history. It is
well known that it is possible to modify the structure of
metals in many ways through heat treatment. For example, a
common technique to improve cast alloys (to eliminate
chemical heterogeneity and remove residual stress) is
homogenization annealing. Age hardening heat treatment
also has a great effect on the corrosion resistance of
alloys . Nearly all forms of metal deterioration are
dependent upon the metallurgical history of the material.
Impurities retained from the original extractive processes,
the inclusions and imperfections introduced in casting and
forming, plus structure variations due to heat treatment,
all alter the corrosion stability of the metal or alloy.
Thus , a thorough knowledge of the background of the
material is important.
4. Surface Condition
The cleanliness of the surface, existence of surface
films , and presence of foreign matter can exert a very
strong influence on the initiation and rate of corrosion.
Rough surfaces or tight crevices can facilitate the
formation of concentration cells . Surface cleanliness can
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also be an issue with deposits of films acting as
initiation sites. Biological growths can behave as deposits
or change the underlying surface chemistry to promote
corrosion. Microstructural differences such as secondary
phases or grain orientation will affect the way corrosion
manifests itself. For corrosive environments where grain
boundaries are attacked, the grain size of the material
plays a significant role in how rapidly the material's
properties deteriorate .
5. Effect of Erosion
Erosion itself is not corrosion. However, even mildly
abrasive conditions may remove a corrosion film from a
surface, which is protective of a substrate, thus exposing
a fresh metal to corrode and thereby accelerating damage .
6. Radiation
Radiation can have an effect on a material's mechanical
properties . The effect on metallic materials is very
gradual and not very pronounced. Generally, the effects of
radiation occur where high energy levels are reached, such
as in the Energy Industry,
7. Environmental Impurities
Environmental impurities are extremely important factors .
Such pollutants as sulfur compounds , nitrogen oxides ,
chlorides and some other corrosive pollutants can
dramatically increase corrosion rate .
8. Time
The extent of corrosion naturally increases with
increased time. In some cases, the relationship is linear;
in many instances, the rate of corrosion diminishes; in
several instances the rate increases with time .
9. Effect of Stress
Under the proper conditions , a material will show a
higher overall corrosion rate when under tensile stress .
However, the major concern is the cracking of a metal under
the combined effects of tensile stress and corrosion to
produce a brittle failure of the material .
10. Biological Effects.
Macroscopic and microscopic organisms influence corrosion
in two principal ways: 1) by creating mats or obstructions
on the surface which produce differential aeration cells ,
or 2) by absorbing hydrogen from the surface of steel and
thus removing the hydrogen as a resistance factor in the
corrosion cell.
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1.3. ATMOSPHERIC CORROSION
The specific area of corrosion in the atmosphere usually
receives minor attention in the writings of scientists and
corrosion engineers who deal with the basic subject of
corrosion. The corrosion phenomena encountered in chemical
plants, underground structures, and, to a lesser degree, in
seawater or at evaluated temperatures , seem to offer more
glamour and appear to be more spectacular. However, most
corrosion damage to equipment and structures actually
occurs in the atmosphere .
Generally, atmospheric corrosion can be classified as
1) Uniform corrosion
2) Pitting corrosion
3) Dissimilar metal couple corrosion
4) Intergranular corrosion
5) Stress corrosion cracking fatigue
6) Crevice corrosion
The following are types of possible corrosion
atmospheres :
1. Industrial. Characterized by pollution composed mainly of
sulfur compounds and nitrogen oxides. Also, various forms
of chloride, which may be much more corrosive than the
acid sulfates .
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2. Marine. Laden with fine particles of sea salt carried by
the wind to settle on the exposed surfaces .
3. Rural. Does not contain strong chemical contaminants, but
does contain organic and inorganic dusts. Its principal
corrosive constituent is moisture and gaseous elements
such as oxygen and carbon dioxide. Arid (dry) or tropical
(wet) atmospheres are special variations of the rural
atmosphere (high relative humidity and occasional
condensation, high average temperature, intense
sunlight) .
4. Indoor. Considered quite mild. However, sometimes can be
quite severe: if it is not a ventilated enclosed space,
it may contain fumes , which in the presence of
condensation of high humidity could prove to be highly
corrosive .
It also must be understood that the major contributor
to the corrosion of all metals in the atmosphere is
oxygen
Factors affecting atmospheric corrosion are:
1 . The quantity and composition of pollutants in the
atmosphere .
2 . Temperature , cycling temperature
3. Period of wetness
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4. Moisture ( rain, dew, condensation, high relative
humidity)
Another very important factor in atmospheric corrosion is
moisture , either in the form of rain, dew, condensation, or
high relative humidity. In the absence of moisture, most
contaminants would have little or no corrosive effect.
Temperature plays an important role in atmospheric
corrosion in two ways. First, there is the normal increase
in corrosion activity, which can theoretically double for
each ten-degree increase in temperature (Arrhenius
equation) Secondly, a little-recognized effect is the
temperature lag of metallic objects, due to their heat
capacity, behind changes in the ambient temperature. As the
ambient temperature drops during the evening, metallic
surfaces tend to remain warmer than the humid air
surrounding them and do not begin to collect condensation
until some time after the dew point has been reached. As
the temperature begin to rise in the surrounding air, the
lagging temperature of the metal structures will tend to
make them act as condensers, maintaining a film of moisture
on their surfaces .
The period of wetness is often much longer than the time
the ambient air is at or below the dew point and varies
with the section thickness of the metal structure, air
17
currents, relative humidity, and direct radiation from the
sun.
Cycling temperature has produced severe corrosion on
metal objects in the tropics, in unheated warehouses, and
on metal tools. Also, the dew point of an atmosphere is
equilibrium condition of condensation and evaporation from
a surface. To ensure that no corrosion will occur by
condensation on a surface, the temperature should be
maintained some 10 to 15C above the dew point.
Some metals, particularly steel, are corroded in high
relative humidities in the absence of temperature cycling.
There is said to be a critical relative humidity at which
corrosion rates suddenly increase. This is probably a
function of the hygroscopicity of the corrosion products
and of contaminants present. The danger of corrosion
appears to rise rapidly as relative humidity passes 60% .
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1.4. COSTS OF PROCESS
The current cost of damage due to corrosion in United
States exceeds $300 billion per year, or around 5% of the
U.S. gross national product13:
$94 billion in auto industry
$13 billion in aircraft industry
$189 billion in other industries
This loss comes from products that must be sold as a lower
grade, or must be repickled, reprocessed or scrapped due to
corrosive attack, or from rust claims and freight costs for
returned goods .
It was estimated that approximately $104 billion or 35% of
total costs could be avoided by properly using corrosion
control tools
1.5. HYPOTHESIS
"A VCI packaging material can offer a moderate to high
degree of corrosion protection for multi-metal automotive
machined metal parts to a highly corrosive environment."
To test this hypothesis, automotive engines and engine
parts were subjected to a humidity chamber test. This test
was performed under controlled and monitored conditions
that simulated a highly corrosive environment, common for
storage and distribution cycles . This particular
environment contained atmospheric corrosive contaminants,
moderate to high humidity and elevated temperatures . The
exposure period represented a moderate shipping and/or
storage time 21 days. Comparison were made between VCI
protected parts and parts packaged without VCI impregnated
materials (for control purposes) . Temperature and humidity
during the test were recorded and documented (Test
Conditions section) . The Test Design section will outline
the particular testing procedure used in this study.
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Delimitations of the test:
1 . Packaged and palletized automotive parts along with
unprotected parts for control purposes were tested in
laboratory conditions. It was not a field test.
2. No protective coatings, paintings and desiccants were
used.
3 . To be as close as possible to real life conditions , no
degreasing operations were performed before the test.
Assumptions
1. VCI technology, which protects ferrous and non-ferrous
metals against corrosion is used appropriately in
automotive industry.
2. LDPE , LLDPE and HDPE films along with foam and emitters,
impregnated with VCI will provide a reliable system to
protect engines and engine blocks against atmospheric
corrosion
2. VCI TECHNOLOGY
2.1. HOW VCI PROTECTS METALS FROM CORROSION
Volatile or vapor corrosion inhibitors, VCIs, are
chemical compounds that vaporize from a liquid or a solid
to form a protective film on the metal's surface. This
protective film inhibits the electro-chemical reaction of
water and air on the metal making VCI's both anodic and
cathodic
inhibitors.15
The concept of volatile corrosion inhibitors utilizes
conditioning of the environment with trace amounts of
inhibitive material to achieve a protective effect.
The mechanism of action of a volatile inhibitor proceeds
via two steps :
1. VCIs vaporize (from a liquid or a solid state) and
conditions enclosed atmosphere with a protective vapor.
Vapor migrates to all recessed areas and cavities and
condenses on all metal surfaces .
2 . VCI ions dissolve in a moisture layer (water
electrolyte) and are attracted to metal surfaces forming
a thin, monomolecular protective film at the metal
surface. This barrier film self-replenishes through
further condensation of the vapor .
The first condition for good efficiency of a vapor phase
inhibitor is its capability to reach the metallic surface
to be protected.
The second is that the rate of transfer of the molecule
should not be too slow, so that initial attack of the metal
surface by the aggressive environment before the inhibitor
can act can be avoided.
These two conditions are related, partly to the vapor
pressure of the inhibitor, partly to the distance between
the sources of the inhibitor and the metal surfaces, and
partly to the accessibility of the surfaces. VCI's have a
vapor pressure that ranges around 10~10 Torr, very low, but
sufficient to volatilize over time. They are powerful
enough to stop corrosion of metals even in the presence of
high humidity, heat, and chemicals such as sulfur oxides,
hydrogen sulfide, and even chlorine. Some types are
specific for ferrous metals protection only, while others
provide multi-metal protection - for silver, brass, copper,
aluminum and zinc.
The main advantage of VCI is probably that the
inhibitive species not only give protection in direct
contact with the metal, but also give corrosion protection
during vapor phase. This allows for corrosion protection in
recessed areas where the inhibitor does not come in direct
contact with the metal surfaces .
Early uses of VCI related mostly to the protection of
ferrous metals, brass, copper and other non-ferrous metals
were not protected, or even worse, were sometimes damaged
by reaction with VCI. In the last 20 years, a lot of time,
money, and energy were expended investigating and refining
this technology. This work resulted in the discovery of a
new class of modern VCI's. These materials are effective on
the most metals, ferrous and non-ferrous. More importantly,
they are environmentally friendly, and of low toxicity -
about the same as table salt. Modern VCI technology does
not use nitrite, phosphate, chroma te or other toxic
inhibitors which are used frequently in the past.
Main users of VCI technology includes automotive,
petroleum, chemical, refining, manufacturing, electronics
and military industries.
2.2. STRUCTURE OF VOLATILE CORROSION INHIBITORS.
VCIs are generally salts of amines. Only a few amines
have been used as effective constituents of VCI, most
commonly: cyclohexylamine , dicyclohexylamine ,
monoethanolamine, and dialkylalkoholamines . Less usual
amines are hexamethylenimine , diethanolamine , piperidine,
and diethylamine . Corresponding acids are: carbonic acid,
nitrous acid, carboxylic acids (including aromatic and
fatty acids) .
Some formulations do not fit the above classification,
most notably the triazoles , particularly benzo-and
tolyl-
triazoles and their derivatives , which are used for the
protection of nonferrous metals .
VCIs may be used in varying conditions : water-based or
oil based liquid and concentrates, emulsion, gel, powder,
impregnated or coated papers, impregnated thermoplastic
films and foams. The delivery system may be as important to
the success (protection or economics) as any other single
item in the protection process .
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2.3. HOW CHEMICALS ARE APPLIED TO PACKAGING MATERIALS
2.3.1. VCI FILMS
VCI plastic films are made by incorporation of the VCI
concentrate or "masterbatch" into the resin mix during the
blowing, casting, coextrusion, or extrusion coating
processes .
The most common resins are low density, linear low
density or high-density polyethylene, because of its
following main properties :
good barrier to moisture
low cost
light weight
highly resistant to most solvents
unaffected by acids and alkalies
good dielectric
testless and odorless
low extrusion temperature
Plastic film is available in stretch, shrink, heat seal,
cold seal, skin, bubbles, standard bags, pallet covers and
many other configurations . Some films can combine VCI
26
protection along with static dissipative and static
shielding properties
It is very important that PE VCI film may be recycled in
the normal polyethylene recycle system when it contains
approved inhibitors . Most of the modern VCI compounds are
known as environmentally friendly and packaging materials
impregnated with them are approved by FDA for indirect
contact with food.
2.3.2. VCI PAPERS.
A high quality neutral natural kraft paper is usually used
as a substrate. Paper can be impregnated or coated with the
VCI chemical solution, which usually consist of two parts
- the VCI chemical itself and a special binder, usually
acrylic based. Coating technique is preferable, because VCI
is localized on the side where it is needed most. VCI
solutions can be applied directly to the surface with most
common roll coaters such as gravure, flexo, air knife, wire
rod, revers roll or Michaelmans coaters.
VCI papers can be used for single item packaging,
interleaving, end closures for shipping tubes, insert
strips for recessed areas in large packages, sheet liners
or separators between products .
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2.3.3. OTHER VCI DEVICES.
Other VCI devices known as vaporizers, emitters,
pouches , caches , are based on a VCI chemical in a small
container - plastic, fabric, paper, Tyvek , foams, etc.
These units are sized to protect specific volumes . They are
used for electrical, electronic, and packaging
applications . Usually a blend of VCI powders is
incorporated into foam or packaged in paper or plastic
containers . These containers allow a controlled release of
VCI vapors over time. This delivery method eliminates dust
or loose powder. A closed container is necessary an
electrical panel, control cabinet, even packaging such as a
plastic bag or a cardboard box is sufficient. VCI molecules
deposit on the metal, protecting delicate electronic and
electrical circuits , finely machined surfaces , and deep
crevices, even in aggressive atmospheres. There is no need
for removal .
VCI liquids are used in dipping and fogging
applications. New parts may be dipped in a VCI solution,
oil or water based, dried, and put on a shelf with no
corrosion concerns for extended periods of time. Sprayed or
fogged VCI's vaporize in the tank, vessel, or container;
saturating the interior atmosphere. A portion condenses on
the surface providing corrosion
protection.18
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3. TEST DESIGN
3.1. TEST CONDITIONS.
There are several laboratory methods for studying the
effects of corrosion on metal surfaces (i.e., Total
Immersion, Salt Spray, High Temperatures, Humidity Chamber,
Atmospheric Exposure, Sea-Water Corrosion, etc.) . Of these
methods, humidity chamber testing has become a common and
popular evaluation tool. Humidity chamber works on the
principle of accelerated corrosion test: the higher a
temperature and humidity rises, the more a corrosive
chemical reaction will occur. The focus of this test is to
develop quickly simulated actual outdoor environments using
controlled laboratory conditions . Simulated environments
can be altered to meet the needs of the test (i.e. ,
higher/lower RH% , higher/lower temperatures and
longer/shorter exposure times) . Therefore, laboratory
controlled humidity chamber tests offer an effective
corrosion testing mechanism in which to evaluate the
corrosion of VCI packaging materials.
For this test, a trailer (13.41 x 2.39 x 2.75 m3) was
used as the testing room (humidity chamber) . The conditions
of the test had been chosen according to the temperature
and humidity settings for TL 8135-0002 (Technical Terms of
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Delivery Packing Aids, German Military Standard), ASTM D
4332 (Conditioning Containers, Packages or Packaging
Components for Testing) , ASTM E 171 (Standard Atmospheres
for Conditioning and Testing Materials) , and the data of
the study of the atmospheric corrosion of the metals19.
Analysis of the data shows that cycling of the
temperature and the relative humidity level in the range of
80-100 % is effective accelerating factors for the
corrosion rate.
According to this, the chosen settings were:
One cycle consisting of:
a) 8 hours at 40C and relative humidity (RH) - 80-100%
b) 16 hours at ambient temperature and relative humidity
(RH) - 80-100 %
Duration of the Test - 21 days (depending on control
failure) .
The relative humidity level was maintained by using
six humidifiers at a level of 80-100% humidity. To maintain
temperature level during the day hours two electrical
heaters were used. To control temperature and humidity
level, Omega CT485B-110V-AL recorder was used.
3.2. PACKAGING DESIGN
The following packaging system was designed:
1. For engines (3 engines per pallet)
(multi-metal device-cast iron, steel, copper, aluminum) .
a) LDPE VCI (0.006") film on the bottom of the rack,
coming up
12' on all sides to tuck under cover;
b) 4 VCI foam pads by each engine (10"xl0") ;
c) VCI Spray on all open (bare) electrical connections
d) Low density polyethylene VCI ( 0.006") shroud to cover
the engine ;
e) VCI LDPE/woven HDPE/non-woven PP cover (reinforced for
puncture resistance) with an elastic pull strap on the
bottom to fit tightly around the engines .
2. For heads (10 heads per layer, 5 layers per
pallet)
(aluminum-zinc alloy) .
a)
1.5" VCI adhesive foam stripes on sides of each
plastic liner;
b) VCI HDPE Film on the top of each layer layer;
c) VCI LDPE (0.006") shroud to cover the pallet;
d) VCI stretch film around the complete pallet.
3. For blocks (8 blocks per layer, 4 layers per
pallet) (cast iron with aluminum inserts) .
a) LDPE VCI (0.006") film on the bottom of the rack,
coming up
12"
on all sides to tuck under cover;
b) 1.5" VCI foam strips ( with adhesive) on plastic
pallet levels, both around the outside and down the
center of each level ;
c) VCI LDPE (0.006") shroud around the pallet;
d) VCI stretch film around the complete pallet.
4. For crankshafts (6 crankshafts per layer, 6 layers
per pallet) (cast iron) .
a) 6 VCI emitters per pallet
b) 6 VCI foam stripes per pallet
c) VCI LDPE (0.006") bag for entire pallet
d) LLDPE Stretch film around the complete pallet
3.3. VCI Packaging Materials Used.
1. VCI LDPE film is mono (one layer) film extruded with
multimetal VCI concentrate ("masterbatch") .
2 . VCI foam is polyurethane open cell foam impregnated with
multimetal VCI .
3. VCI Spray is VCI multimetal antistatic spray for
protection of bare electrical and electronic contacts and
components .
4. VCI HDPE is HDPE 0.001" film coated with water-based
multimetal VCI coating on one side.
5 . VCI stretch film is LLDPE film co-extruded with VCI
additives ("masterbatch") .
6 . Film used as a cover for engines has the following
construction: woven HDPE stripes laminated to woven
polypropylene layer on one side and extrusion laminated
to LDPE VCI layer.
7. VCI emitter - Tyvek breathable membrane, plastic
cartridge filled with VCI powder.
3.4. PROCEDURE
The trailer was used as the testing humidity chamber.
The parts and engines were inspected to identify the
possible initial corrosion on the parts provided before
packaging and testing started.
The humidity chamber was devided into two equal parts
separated from each other with a plastic curtain. The
purpose of the curtain was to avoid any contamination for
parts used as control.
Controlled parts were packaged with non-VCI packaging
films with the same thickness .
Packaged palletized engines and engine parts were
loaded into the chamber using forklift. Humidifiers,
heaters and monitors were installed. After that, chamber
was closed and test was started. Duration of the test was
twenty-one days . Records of the real temperature and
humidity fluctuations are shown on the Charts 1 and
Chart 2 .
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4. RESULTS
4.1 EVALUATION OF THE TEST RESULTS
To evaluate corrosion usually qualitative or/and
quantitative methods are used.
The most common qualitative methods are:
1. Visual observation or macroscopic investigation.
Visual observation determines what part of the total
surface has been attacked by corrosion and how uniform is
the depth of the attacked areas . Visual observation is very
valuable, since the initial condition and the changes
taking place in the course of different intervals . Can be
determined the following:
a) changes in the external appearance of the surface of the
metal (whether it darkens, becomes covered with spots,
remains bright, becomes dull, etc.)
b) appearance of the products of corrosion, their nature
and distribution, their color and form (flakes, deposit,
film, etc . )
Visual observation can determine the nature of corrosion,
i.e., whether it is uniform, selective, or local. Recording
data by photographic means allows review of data at a later
time .
j>
2 . Microscopic investigation
This method allows evaluation the selective and local
nature of corrosion; intergranular and intracrys talline
(stress) corrosion cracking, corrosion fatigue, structure
corrosion and selective leaching. For this purpose, a
magnification glass with 10-20X magnification is usually
used.
The most common quantitative method to evaluate
corrosion is by weight loss. This is a simple
straightforward method that shows directly the amount of
metal that has been destroyed by corrosion. The corrosion
index determined by this method is the coefficient K, which
gives the relationship between the initial weight of the
metal P0 and its weight after corrosion B1 , per unit of
Po-P\
investigated area: K =
F
The disadvantages of this technique is as follows :
a) it is difficult to remove products of corrosion
completely without damaging metal;
b) nonuniformity of corrosion is not taken into account;
c) large number of specimens necessary to construct curve
d) not possible to determine intergranular and selective
corrosion .
e) for evaluation of accelerated corrosion tests this
method is not practical due to the fact, that the weight
loss is very insignificant (normally 0.01-0.05%) ; such
insignificant weight losses is caused by the metal surface
oxidation (2-dimentional oxidation) under the environmental
conditions of the
test.2'
The purpose of the following study was to develop and
evaluate cost-effective packaging system to protect multi
metal automotive parts against corrosion during long-term
storage and shipping, using corrosion inhibiting packaging
materials. The acceptance criterion was "pass" or
"fail"
results . No visual corrosion or traces of corrosion were
allowed for "pass" result.
Considering all mentioned above, to evaluate testing
results , qualitative method of visual
observation of
corrosion was used as the most practical.
After 21 days of testing, humidity cabinet was opened
and packaged parts were evaluated.
Automotive parts packaged without VCI materials were
evaluated first because they serve as an indicator whether
to continue the test or terminate it.
Visual observation of unprotected parts showed very high
degree of corrosion. Actually, all engines unpainted
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surfaces were covered with heavy uniform corrosion - 80-100
% of surface was rusted.
The heaviest corrosion was observed on the crankshafts,
as the most susceptible parts for corrosion.
Aluminum heads were partially covered with white rust
and black spots and partially darkened (black spots) , which
is very typical for aluminum.
Blocks appear to be uniformly covered with rust, about
90-100% of the surface.
VCI-protected engines and engine parts appeared to be
free from corrosion. Slight amounts of light surface
corrosion, mostly in the form of discoloration, was
observed on the crankshafts which were placed on the very
lowest layer of the pallet. This can be explained by the
following: VCI film was damaged (torn) by the forklift
during loading and heavy condensation most likely was
appeared on the metal surface during the first two-four
hours of the test, before the protective VCI layer was
formed on the metal surface .
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4.2. PICTURES
Picture 1
Packaged engines before test.
Picture 2 .
Protected engine after test
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Picture 3.
Unprotected engine after test.
Picture 4.
Unprotected engine after test.
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Picture 5,
Protected crankshafts after test.
Picture 6.
Protected crankshafts after test.
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Picture 7
Unprotected crankshafts after test.
Picture 8.
Unprotected crankshafts after test.
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Picture 9.
Protected blocks after test.
Picture 10
Protected blocks after test.
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Picture 11
Unprotected blocks after test.
Picture 12 .
Palletized heads before test.
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Picture 13.
Protected heads after test,
Picture 14.
Unprotected heads after test.
5. CONCLUSIONS AND FUTURE CONSIDERATIONS
5.1. CONCLUSIONS
After review of the criteria used to evaluate the
humidity chamber results, it can be concluded that this
particular environment was of a highly corrosive nature and
thus sufficiently met the demands of the stated objective.
This is the best evidence by the conditions of the
unprotected-machined metal parts. For instance, all of the
unprotected parts had 80-100%surface contamination
(corrosion) . Because this environment can also be easily
developed and duplicated, it is also a good mechanism to
perform corrosion testing.
Visual observation analysis of the protected parts
provided resulting data to support the stated hypothesis
(a modern VCI packaging materials can provide a moderate to
high degree of corrosion protection for the multi-metal
machined metal parts exposed to a corrosive environment
during storage in distribution) . This was best evidenced by
the fact that the actually all protected parts are free
from any corrosion.
The first conclusion is that combination of different
VCI packaging materials (low density polyethylene, linear
low-density polyethylene, high-density polyethylene, foams,
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emitters, sprays, etc.) offer a high degree of corrosion
protection.
The second conclusion is that VCI packaging materials
used in this study provide a high degree of multi-metal
corrosion protection for carbon steel and alloys, copper
and its alloys, aluminum and its alloys and cast iron. Most
of these parts were cast, and castings are very sensitive
to corrosion due to their microstructure .
The third conclusion is that VCI packaging materials
can provide corrosion protection as in contact with metal
surface, as well in distance (vapor face protection) .
The forth conclusion is that using VCI materials,
packaging should be airtight, but not hermetically sealed,
as in case of barrier materials .
The fifth conclusion is that VCI materials can offer
corrosion protection without using such alternative sources
as desiccants or oxygen scavengers. Unlike desiccants ,
which absorb moisture and oxygen absorbers, which absorb
gases in the enclosed environment, VCI materials condition
an enclosed atmosphere with a protective vapor that
condenses on all metal surfaces, including recessed areas
and cavities . Even if moisture will permeate through over
the time, metal still will be protected, because the VCI
ions dissolve in the moisture film, which are attracted by
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metal surface and create monomolecular protective film at
the metal surface .
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5.2. FUTURE CONSIDERATIONS
The following can be suggested for the further study:
a) To evaluate and compare VCI packaging materials
performance and cost effectiveness versus high-barrier
materials in combination with desiccants and/or oxygen
absorbers .
b) To evaluate VCI packaging materials from different
manufacturers (using different chemistry) at various
testing conditions, for ferrous and non-ferrous
metals; in contact and in distance with metal
surfaces .
c) To evaluate maximum distance between metal surface to
be protected and VCI source. Most data available today
is outdated and related mostly to 1970-1980s. Since
that time much more compounds and combinations of them
became available .
d) To develop VCI compounds for different polymers , such
as ABS , Nylon, and some others for injection molded
parts designed to work in enclosed environment in
contact with metals .
e) To perform an extensive real time corrosion study of
VCI materials (films, papers, foam, emitters, etc.) in
an actual environment (i.e. an actual distribution
cycle) ; to incorporate most of the possible
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environmental conditions, including weather pattern
changes and variable atmospheric contaminants ; to
compare obtained results with laboratory testing.
f ) To increase value of VCI packaging materials by adding
such additives as anti-static, static-dissipative ,
flame-retardant , grease-resistant, etc.
g) It can be recommended to be very careful when choosing
the correct VCI materials, especially for multi-metal
corrosion protection. Some VCI materials will not
protect, and even can damage, particularly in contact,
some non-ferrous metals, such as zinc, copper,
aluminum, cadmium and some others. Preliminary
compatibility testing is suggested.
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